The UL9 gene of herpes simplex virus type 1 (HSV-1) encodes an origin binding protein (OBP). It is an ATPdependent DNA helicase and a sequence-specific DNAbinding protein. The latter function is carried out by the C-terminal domain of OBP (⌬OBP).
The replication of cellular and viral genomes is initiated at specialized regions of chromosomes referred to as origins of replication (1) . These regions are recognized by initiator proteins that facilitate the formation of replication forks in a controlled manner. The initiator proteins are in most instances sequence-specific DNA-binding proteins, and they frequently also have enzymatic activities. Binding of the initiator protein to the origin of replication leads to local alterations of the conformation of DNA. A significant event is the separation of the DNA strands that either stimulates an intrinsic helicase activity of the initiator protein or allows the recruitment of a separate DNA helicase. A pathway leading from the sequencespecific binding of the initiator protein to an origin of replication to a local unwinding of DNA has been well established for many organisms using either electron microscopy or biochemical techniques (1) . Despite the wealth of information referred to above we do not understand the molecular details of the mechanisms by which the origins of replication are activated.
We have been interested in the replication of the Herpes simplex virus type 1 (2) . The origins of replication in the HSV-1 1 genome are recognized by the virus encoded origin binding protein, a product of the UL9 gene (3, 4) . OBP is a sequence-specific DNA-binding protein and an ATP-dependent DNA helicase ( Fig. 1) (2) . The helicase activity is performed by the N-terminal domain (5) . This domain contains the seven sequence motifs that constitute the hallmark of most DNA/ RNA helicases (6, 7) . The overall three-dimensional structure of this domain most probably resembles the 1A and 2A domains of the PcrA and Rep helicases ( Fig. 1) (8, 9) . The C-terminal domain of OBP is responsible for sequence-specific binding to the viral origins of replication, oriS and oriL (10) . Several studies have demonstrated that structural elements found in the sequence CGTTCGCACTT contribute to the stability of the complex between OBP and oriS. The central element GTTCG-CAC appears to contribute to most of the specificity of complex formation (11) (12) (13) . Conflicting information exists regarding the stoichiometry of the complex formed between the C-terminal domain of OBP and its recognition sequence (4, (15) (16) (17) . The C-terminal domain of OBP serves an additional function. It interacts with the viral single strand DNA-binding protein ICP8 (18) . This interaction dramatically stimulates the helicase activity of OBP, and it is essential for oriS-dependent DNA synthesis (18, 19) . It is reasonable to assume that this interaction facilitates an OBP-dependent unwinding of the viral origins of replication. The latter suggestion is supported by the observations that the C-terminal domain may recruit ICP8 to oriS and position ICP8 in the immediate vicinity of the alternating AT sequence (15) . More recently it has been elegantly demonstrated that the interaction between OBP and ICP8 is required for a sequence-dependent unwinding of duplex DNA provided with single-stranded tails (20) . Together these observations argue that the C-terminal domain serves not only as an anchor for OBP to oriS but also controls the activity of the DNA helicase.
We have now tried in quantitative terms to assess the contribution of different structural elements of the recognition sequence to the stability of the specific complex formed between OBP and oriS. Our results can be summarized in a model for the surface of recognition sequence in oriS that is contacted by OBP. A recent finding that a substitution of lysine 758 with alanine in HSV-1 OBP dramatically reduces the affinity of OBP for its recognition sequence suggests that a detailed model for the protein-DNA complex is now within reach (21) .
EXPERIMENTAL PROCEDURES
Oligonucleotides-Synthetic oligonucleotides were purchased from Scandinavian Gene Synthesis. The oligonucleotides 5Ј-GATCTGCGA-AGCGTTCGCACTTCGTCCCAAT-3Ј referred to as PE17 and 5Ј-GATC-* This work was supported by the Swedish Cancer Society Grant 2552-B97-11XAC. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence should be addressed. CATTGGGACGAAGTGCGAACGCTTCGCA-3Ј referred to as PE18 were annealed as described previously to form the duplex oligonucleotide PE17/18 (Table I) (22) . The duplex oligonucleotide PE17/18 corresponds to the high affinity site, box I, for OBP in oriS.
A series of oligonucleotides was synthesized in which thymine was replaced by uracil and guanine by inosine at the positions indicated. The duplex oligonucleotides referred to in the text and figure legends are described in Table I .
The double-stranded oligonucleotides were labeled with [␣-32 P]dATP (3000 Ci/mmol, Amersham Pharmacia Biotech) using the large fragment of DNA polymerase. The resulting blunt end-radiolabeled 36-base pair duplex oligonucleotides were purified by spin column chromatography using Bio-Gel P10 (Bio-Rad) (23) .
Purification of His⌬OBP-The DNA binding domain of the origin binding protein of HSV-1 was fused to a histidine-linker in the N terminus. It will be referred to as His⌬OBP. Expression was induced in BL21-pLysS (DE3) Escherichia coli cells transformed with the pET3a/ His⌬OBP vector (24) . Logarithmically growing cells at 37°C were induced at A 600 nm ϭ 0.6 with 1 volume of 2 mM isopropyl-1-thio-␤-Dgalactopyranoside in LB supplemented with 150 mg/liter ampicillin and 25 mg/liter chloramphenicol. After 3 h at 30°C the cells were harvested by centrifugation and washed with a cold buffer (50 mM glucose, 25 mM Tris-HCl, pH 7.4, 10 mM EDTA). The cells were resuspended in lysis buffer (50 mM MOPS, pH 7.4, 0.1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride and 2 mM benzamidine). Nonidet P-40 was added to a final concentration of 10%. The suspension was incubated for 10 min on ice. One-tenth volume of a high salt dilution buffer was added to achieve a final concentration of 0.15 M NaCl and 10% glycerol in the extract. The viscosity of the solution was reduced by mechanical shearing, using an Ultraturrax homogenizer at high speed. After centrifugation at 10,000 rpm in a Beckman JA-20 rotor for 20 min at 4°C, the supernatant was diluted with 1 volume of equilibration buffer (20 mM MOPS, pH 7.4, 0.15 M NaCl, 10% glycerol, 10 mM imidazole) and loaded onto a nickelnitrilotriacetic acid-Sepharose column (Qiagen). The column was eluted with a 10 -200 mM imidazole linear gradient, and 2-ml fractions were collected in tubes prefilled with 4 ml of the equilibration buffer used for S-Sepharose chromatography (20 mM Tris, pH 7.4, 2 mM dithiothreitol, 1 mM EDTA, 10% glycerol, 50 mM NaCl). This was done in order to prevent precipitation of highly concentrated protein eluted from the nickel-Sepharose column. The final chromatography step was performed on an S-Sepharose (Amersham Pharmacia Biotech) column with a 0.05-1 M NaCl linear gradient in equilibration buffer. The purified protein was dialyzed against 50% glycerol buffer and stored at Ϫ20°C. The concentration of His⌬OBP was determined by three separate methods; the Bio-Rad protein assay (Bio-Rad), calculation from absorption at 280 nm using a molar extinction coefficient of 34,047 M Ϫ1 cm Ϫ1 (17) , and SDS-polyacrylamide gel electrophoresis with subsequent comparison to bovine serum albumin standards. All three methods gave similar protein concentration values.
Gel Electrophoresis of Protein-DNA Complexes-The duplex oligonucleotides were diluted in incubation buffer (50 mM potassium phosphate pH 7.4, 3 mM MgCl 2 , 100 mM NaCl, 0.1 mM EDTA, 10% glycerol, 2 mM dithiothreitol, 5 mg/ml bovine serum albumin) to a final concentration of 0.2 nM. They were mixed on ice with His⌬OBP in a total volume of 10 l and incubated for 30 min. Binding curves for His⌬OBP interacting with the oligonucleotides described in Table I were generated by analyzing the samples by electrophoresis in 6% acrylamide gels (25) . Gels were run for 60 min in Tris-glycine at 4°C as described previously (25) . The protein concentrations used were as follows: 0 nM, 0.22 nM, 0.275 nM, 0.36 nM, 0.55 nM, 1.1 nM, 11 nM, 110 nM, 1.1 M, and 11 M. The radioactivity in the bands corresponding to the protein-DNA complex and free DNA were quantified on a Molecular Dynamics PhosphorImager.
The ratio y of protein-DNA complex, AB, and total DNA, B* ϭ AB ϩ B, as defined below, were determined for each sample as shown in the figures. Curves were generated to fit the values using a statistical analysis described below. The curves represent the calculated relationship between the total protein concentration (x) and the concentration of protein-DNA complex divided by the total DNA concentration (y). The mathematical method applied here was also used to determine the binding constants from the equilibrium equations.
1,5-Difluoro-2,4-dinitrobenzene Cross-linking-2.2 nmol of His⌬OBP was dialyzed against 20 mM potassium phosphate, pH 7.4, and 0.15 M NaCl. The protein solution was treated with a 50-fold molar excess of 1,5-difluoro-2,4-dinitrobenzene (Pierce). The cross-linked His⌬OBP was then mixed with 10 pmol of the radiolabeled duplex oligonucleotide PE17/18 as well as 0.1 nmol of unlabeled PE17/18. The samples were loaded on a native 4 -15% gradient polyacrylamide gel (Bio-Rad) in Tris-glycine buffer. Electrophoresis was performed as described above. The bands corresponding to free DNA, complex II, and a complex that migrated even slower than complex II were excised. Only a very small amount of a band corresponding to complex I was detected under these conditions and it was not included in this analysis. The gel slices were incubated for 2 min at 100°C in SDS sample buffer (50 mM Tris, pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromphenol blue, and 10% glycerol) after which the protein was electroeluted (Schleicher & Schuell) in 1ϫ SDS buffer. Electroeluted samples were desalted and concentrated by centrifugation using Microcon 30 (Amicon). The samples were then heated in SDS sample buffer before they were subjected to SDS-polyacrylamide gel electrophoresis using a 4 -15% gradient gel. After electrophoresis the gel was blotted onto an Immobilon-P membrane (Millipore). A polyclonal antiserum against His⌬OBP was used with the Immun-Blot assay kit (goat anti-rabbit IgG (H ϩ L) AP, Bio-Rad) to detect the oligomeric state of cross-linked His⌬OBP. The gel was calibrated using the Rainbow molecular weight markers (Bio-Rad, code RPN 755).
Ethylation Interference Assay-The HindIII-EcoRI fragment (oriS) of plasmid pORI was labeled at the HindIII site using [␣-
32 P]dGTP (3000 Ci/mmol). The radiolabeled fragment was treated with N-ethyl-N-nitrosourea as described previously (26) . A sample was also cleaved at G ϩ A residues and used as a marker in electrophoresis as described else- where (27) . Affinity chromatography was then used to isolate partially ethylated DNA that bound to His⌬OBP. A column of 250 l of the nickel-Sepharose column was loaded with 0.1 mg of His⌬OBP in 20 mM Hepes-NaOH, pH 7.4, and 10% glycerol. 1 pmol, 6.7 ϫ 10 6 cpm, of partially ethylated oriS was then applied to the column. DNA was eluted stepwise with increasing concentrations of NaCl in 20 mM Hepes, pH 7.4, and 10% glycerol. DNA eluted from the column was then subjected to cleavage as described previously (26) . These samples were then analyzed on 8% sequencing gels.
Statistical Methods, Least Square Fit of the Equilibrium Equation-
The formation of a specific complex between His⌬OBP and the duplex oligonucleotide was treated as a bimolecular reaction A ϩ B 7 AB, where A is His⌬OBP, B is DNA, and AB is the protein-DNA complex. Thus the sum is derived with respect to [B*], the derivative is put equal to 0, and also the derivative with respect to c is put equal to 0. The system of the two equations is not a linear one. An iterative procedure was used to solve the system. A detailed description is available upon request.
Computer Software-HyperChem was from Hypercube, Inc. RasMol was developed by Roger Sayle (Biomolecular Structures Group, Glaxo Wellcome Research & Development, Stevenage, Hertfordshire, United Kingdom).
RESULTS

Optimal Conditions for Interactions between His⌬OBP and
DNA Determined by Gel Electrophoresis-Several groups have characterized the sequence requirement for high affinity binding of OBP or its C-terminal domain to oriS (11) (12) (13) . There is general agreement that the GTTCGCAC element embedded in the larger domain CGTTCGCACTT contains the structural elements necessary for the formation of a high affinity complex. The source of protein as well as the experimental conditions have, however, varied extensively, and reliable determinations of the binding constants are therefore lacking. We have now used the gel retardation technique in order to quantitatively characterize the interaction between the C-terminal domain of OBP, His⌬OBP, and its recognition sequence.
A search for optimal conditions showed that the interaction was strongly influenced by the presence of bovine serum albumin (Table II) . It is noteworthy that bovine serum albumin did not simply prevent irreversible denaturation of His⌬OBP but could be added to a highly diluted sample and restore high affinity binding (results not shown). Furthermore, we found that Mg 2ϩ was not required for the formation of a specific complex between His⌬OBP and DNA (Table II) .
To identify the different complexes that can be formed between His⌬OBP and DNA, a titration curve was made over a wide range of protein concentrations while keeping the concentration of the 36-base pair duplex oligonucleotide PE17/18 (Table I) constant at 200 nM (Fig. 2a) . We found that multiple complexes were formed. At low protein concentrations a complex, denoted complex I, was seen. At higher protein concentrations at least one additional complex, complex II, was detected. A further increase in protein concentration resulted in a decrease in the mobility of complex II, indicating the existence of complexes with a still higher protein content.
A second titration experiment performed at a low concentration of DNA, 0.2 nM, revealed a binding constant of 8 ϫ 10 9 M
Ϫ1
for complex I assuming a stoichiometry of 1:1 (Fig. 2b) .
Stoichiometry of the Complex between the C-terminal Domain of OBP and Its Recognition Sequence-Several conflicting in-
terpretations of experiments designed to elucidate the stoichiometry of complexes formed between the C-terminal DNA binding domain of OBP and its recognition sequence in oriS have been presented (14 -17) . We and others have seen that mixing of different forms of the DNA binding domain and a duplex oligonucleotide containing the recognition sequence CGTTCG-CACTT did not result in the formation of complexes with intermediate electrophoretic mobility (14, 15) . It was interpreted to mean that heterodimers did not form on a single recognition sequence, and by inference, that the specific complex had a stoichiometry of one protein monomer per recognition sequence. In contrast, direct measurements of protein/DNA ratios using radiolabeled components as well as a supershift study using antibodies suggested that the specific complex consisted of two protein monomers bound to a single site (16, 17) .
We have now used chemical cross-linking to examine the stoichiometry of complexes of different electrophoretic mobilities. In this experiment a His⌬OBP was cross-linked in solution using 1,5-difluoro-2,4-dinitrobenzene. A sample was then mixed with the radioactive oligonucleotide, PE17/18, and analyzed by gel electrophoresis. The cross-linked sample gave rise to multiple complexes with decreasing electrophoretic mobilities. The gel was cut in pieces to allow recovery of material corresponding to free DNA, complex II, and a more slowly migrating complex. Only a small amount of complex I was seen using the cross-linked sample, and it was not included in the further analysis. The samples were electroeluted and analyzed by SDS-polyacrylamide gelelectrophoresis (Fig. 3) . We found that the sample corresponding to complex II contained monomers and cross-linked dimers of His⌬OBP. More slowly migrating complexes contained in addition cross-linked trimers, tetramers, and so forth. We therefore conclude that complex II has a stoichiometry of two His⌬OBP monomers per DNA molecule and, by inference, complex I consists of one His⌬OBP per DNA molecule. Higher order complexes apparently seem to contain 
The Formation of a Complementary Surface in Addition to Base-specific Contacts in the Major Groove Is Essential for High
Affinity Binding-Several studies using mutated duplex oligonucleotide allow us to suggest a number of base-specific contacts between OBP and DNA (11, 12) . In addition a methylation interference study clearly implicated four guanine residues as essential components of sequence-specific recognition (28) . We have used oligonucleotides in which thymines and guanines were replaced with uracils and inosines to investigate whether contacts are made in the major or minor groove of DNA (Table I) (Figs. 4 and 5) . The determination of binding constants from gel electrophoresis experiments demonstrated Table I . a, graphic representation of the formation of complex I. The curves represent least square fits of the experimental results to the equilibrium equation as described under "Experimental Procedures." (qOOq) PE17/18a(b), (fOOf) PE17/18b(c), (OEOOOE) PE17/18c, and (ࡗOOࡗ) PE17/18d. b-e, polyacrylamide gel electrophoresis between His⌬OBP and uracil-substituted duplex oligonucleotides as defined in Table I . Conditions were as described under "Experimental Procedures." b, PE17/18a; c, PE17/18b; d, PE17/18c; and e, PE17/18d. that all of the thymines in the recognition sequence GTTCG-CAC contributed significantly to the overall binding energy (Fig. 4) . Using the duplex oligonucleotide PE17/18d resulted in a reduction of the binding constant from 8 ϫ 10 9 M Ϫ1 to approximately 2.6 ϫ 10
M
Ϫ1 when all thymine residues were replaced with uracil (Fig. 4a) . Replacement of thymine with uracil outside this sequence had no effect on the binding constant. It is worth noting that complex II was still formed at high protein concentrations in the presence of PE17/18d and thus appears to reflect nonspecific interactions between His⌬OBP and DNA (Fig. 4b) . These observations confirm and extend a previous preliminary report suggesting the methyl groups of the thymine residues in box I are of significant importance for the interaction between OBP and oriS (29) .
As a comparison a similar study was made using duplex oligonucleotides containing inosines instead of guanines (Fig.  5) . The result was different. A duplex oligonucleotide, PE17/ 18e, in which all the guanines within the recognition sequence were replaced still allowed the formation of complex I. Although a reduction of the apparent binding constant was found, the magnitude of this effect was smaller and may in fact reflect a decreased stability of the duplex oligonucleotide rather than a loss of specific contacts between protein and DNA (Fig. 5) . We therefore conclude that the energetically most important interactions as well as the sequence-specific contacts occur within the major groove of DNA.
Ethylation Interference Reveal Specific Contacts between His⌬OBP and Phosphates within the Recognition Sequence-
The binding of His⌬OBP to DNA is sensitive to the ionic strength (Table II) . We have therefore tried to identify the contacts involving electrostatic interactions using an ethylation interference assay (26) . In order to facilitate the recovery of ethylated DNA from the experiment we developed a new strategy. His⌬OBP was immobilized on a nickel-Sepharose column. A restriction fragment containing oriS was partially ethylated and applied to the column. The column was washed and eluted by a stepwise increase in ionic strength (Fig. 6a) . The elution profile shows that a loosely bound form of DNA could be isolated by elution with 0.5 M NaCl. A more tightly bound form of DNA was eluted at 2 M NaCl. The eluted DNA was subjected to cleavage and analyzed on sequencing gels (Fig. 6b) . We found that loosely bound DNA, fractions 4 and 5, gave rise to a very limited number of bands. These bands corresponded to phosphates within box I and box II of oriS. A third group of bands is the result of an artifact in gel electrophoresis caused by a compression phenomenon in the GC-rich sequence upstream of box I. In the more tightly bound DNA, fractions 7 and 8, the intensities of the corresponding bands were significantly reduced. An analysis using the phosphorimager allowed us to identify these phosphate residues (Fig. 7) . In box I the most important contacts were made with the two phosphates sur- rounding G 23 . In box II the most important phosphate was found between G 64 and T 65 . Since box I and box II are symmetrically arranged in oriS the bands seen in the upper strand of box II in oriS correspond to the lower strand of box I. We therefore suggest that contacts between His⌬OBP and three phosphates, G 23 , T 24 , and T 29 , in the recognition sequence contributes significantly to the stability of the specific complex. These results are summarized in Fig. 8 .
DISCUSSION
In this communication we have tried to resolve conflicting interpretations regarding the stoichiometry of the specific complex formed between the C-terminal DNA binding domain of the HSV-1 origin binding protein, His⌬OBP, and its recognition sequence. To achieve this goal we have performed an extensive quantitative analysis of conditions that affect the binding of OBP to oriS. We have also identified contacts between His⌬OBP and the DNA backbone that appear to be essential for the binding of OBP to DNA. Finally, we have demonstrated quantitatively using uracil-substituted DNA that interactions with the major groove of DNA play a predominant role for the formation of a specific complex between His⌬OBP and its recognition sequence. Possibly, the methyl groups of thymine serve to exclude water from the interacting surfaces (30) .
We argue here on the basis of a cross-linking experiment that the specific complex between His⌬OBP and DNA has a stoichiometry of one protein monomer per recognition sequence. This complex, referred to as complex I, has a binding constant of 8 ϫ 10 9 M Ϫ1 . Our interpretation agrees with previous results reporting that heterodimers cannot form on a single binding site (14, 15) . We also identify a second complex, complex II, that is formed at high concentrations of protein and DNA. This complex contains two or more protein monomers per binding site. Interestingly, the conditions that in our hands support the formation of complex II closely resemble those of Fierer and Challberg (17) reporting a stoichiometry of two monomers per binding site. We suggest that the conflicting interpretations can be readily resolved if we assume that their report is concerned with complex II rather than complex I. The functional significance of complex II remains to be elucidated.
Extensive studies using duplex oligonucleotides have demonstrated that all structural elements for high affinity binding of OBP to DNA resides within the sequence 5Ј-CGTTCG-CACTT-3Ј and its complementary strand. Quantitative analyses appear to further reduce this sequence to 5Ј-GTTCG-CAC-3Ј (11) (12) (13) . We have noted that the methyl groups of thymine in this sequence are essential for high affinity binding. This clearly demonstrates that the major groove of DNA is the primary target for the sequence-specific binding of OBP to DNA. Studies with chemically modified DNA implicates that a base-specific contact is made with four guanines in the sequence GTTCGCAC (28) . Using ethylation interference we now find that three phosphates on opposite sides of the major groove are contacted by OBP. Further information can be gained from a detailed analysis using mismatched substitutions of the recognition sequence (12) . The base sequence 5Ј-GTTCG-3Ј of the upper strand and the base sequence 5Ј-GTG-3Ј of the lower strand are essential for high affinity binding (12) . It is evident from Fig. 8 that all the structural elements involved in the sequence-specific binding of OBP to DNA are located closely together in the major groove of DNA. Furthermore, the results suggest that the binding site is bipartite. One might speculate, for example, that one ␣ helix of OBP might contact the upper strand and a second structural element the lower strand. It will now be of great interest to identify the amino acid residues in OBP that are responsible for sequence-specific recognition. A recent report shows that one lysine residue, Lys 758 , appears to be essential for binding (21) . An extension of these studies might allow a complete identification of the amino acids that directly contact DNA.
The HSV-1 origin binding protein is a member of the superfamily II of the DNA helicases (6, 7, 31) . Recent crystallographic evidence allows the identification of the most highly conserved structural elements in DNA helicases (8, 9) . These are the two RecA-like domains and the seven helicase motifs. In the case of HSV-1 OBP a truncated protein consisting of the two RecA-like domains alone shows nonspecific helicase activity (5). The C-terminal DNA binding domain is essential for binding to oriS and appears to inhibit helicase activity on a model substrate in which the recognition sequence is provided with single-stranded tails in the appropriate orientation (20) . This inhibition is relieved by ICP-8, a single-strand DNA binding protein encoded by HSV-1. This observation argues that the DNA binding domain serves not as a passive anchor to DNA but that it may actively control the helicase activity. A detailed structural and functional understanding of HSV-1 OBP may thus not only contribute to our understanding of viral DNA replication but also elucidate important mechanisms common to the DNA helicases. FIG. 7 . A PhosphorImager analysis identifies the essential phosphates that interact with His⌬OBP. The sequencing gels were from the experiment described in Fig. 6 . The dotted curves show the result from a G ϩ A cleavage reaction. The thin solid line displays the cleavages in box I and box II in DNA derived from fraction 4 (free DNA). These cleavage sites are missing in fraction 7 (bold line, bound DNA) except for an adenine residue in box II.
FIG. 8.
A model of the DNA surface specifically recognized by OBP. A model of duplex DNA, AGCGTTCGCACTTCG, containing box I in oriS (Fig. 1) was produced using HyperChem. RasMol was then used to highlight the phosphates and methyl groups that are involved in the binding of OBP to DNA. The position of the base pairs can be deduced from Fig. 1 . The identities of the nucleotides are presented explicitly.
